Human kappa opioid receptor (κ-OR), a G protein-coupled receptor (GPCR), has been identified as a drug target for treatment of such human disorders as pain perception, neuroendocrine physiology, affective behavior, and cognition. In order to find more selective and active agonists, one would like to do structure based drug design. Indeed, there is an X-ray structure for an antagonist bound to κ-OR, but structures for activated GPCRs are quite different from those for the inactive GPCRs. Here we predict the ensemble of 24 low-energy structures of human kappa opioid receptor (κ-OR), obtained by application of the GEnSeMBLE (GPCR Ensemble of Structures in Membrane Bilayer Environment) complete sampling method, which evaluates 13 trillion combinations of tilt and rotation angles for κ-OR to select the best 24. To validate these structures, we used the DarwinDock complete sampling method to predict the binding sites for five known agonists (ethylketocyclazocine, bremazocine, pentazocine, nalorphine, and morphine) bound to all 24 κ-OR conformations. We find that some agonists bind selectively to receptor conformations that lack the salt bridge between transmembrane domains 3 and 6 as expected for active conformations. These 3D structures for κ-OR provide a structural basis for understanding ligand binding and activation of κ-OR, which should be useful for guiding subtype specific drug design. a UnifiedCav: unified cavity E is the nonbond energy between the ligand and the union of all protein residues within a constant cutoff distance of the ligand in all the complexes. SnapBE: vertical binding energy, snap binding E = complex E − protein E − ligand E. The binding studies were conducted on human opioid receptor-containing CHO cells. 71 These affinities are listed as pK i values. b This data is plotted in Figure 6 . Figure 3. Predicted binding sites for the three benzomorphans bound to κ-OR: (a) ethylketocyclazocine, (b) bremazocine, and (c) pentazocine.
INTRODUCTION
Opioid receptors belong to the Class A (rhodopsin-like) subfamily of G protein-coupled receptors (GPCRs) with a common seven transmembrane (TM) helical architecture. 1, 2 Four subtypes of opioid receptors, μ, δ, κ, and the nociceptin/ orphanin FQ peptide receptor, are known, all of which play a significant role in physiological functions. 3−6 On the basis of studies of the κ-type prototypic agonist ketocyclazocine, 7 human kappa opioid receptor (κ-OR) was identified as an excellent drug target for the treatment of such human disorders as pain perception, neuroendocrine physiology, affective behavior, and cognition. 8 Several selective κ-OR agonists and antagonists have been developed as potential antidepressants, anxiolytic, and antiaddiction medications. 9 However, one would like to modify these ligands to achieve improved activity and selectivity.
In order to enable structure-based drug design, we need the structures for stable ligand/κ-OR structures. Indeed the crystal structure of the human κ-OR bound to the selective antagonist JDTic is available (PDB ID code 4DJH). 6 The ligand−receptor interaction provides important molecular details for κ-OR subtype selectivity and ligand binding. Unfortunately the X-ray structure of an antagonist bound to κ-OR is not sufficient for designing a new agonist. This is because GPCRs exhibit significant differences between the inactive and active states. 10−19 The activation of GPCRs is facilitated by their remarkable conformational flexibility, enabling the formation of multiple distinct conformations that can influence function. 13 This conformational flexibility poses considerable complexity to drug design, since it requires the knowledge of various conformational states to design a drug to shut down or enrich a particular active state of the receptor. 13, [16] [17] [18] 20 Thus, one cannot just consider one protein configuration, say from an X-ray structure.
To solve this problem of obtaining the ensemble of energetically favorable conformations available to play a role in multiple GPCR-mediated pathways, we have been developing the GEnSeMBLE (GPCR Ensemble of Structures in Membrane bilayer Environment) complete sampling method, 14, 15, 21, 22 which has been successfully applied to predicting the structures for adenosine A 3 , 16 cannabinoid CB1, 13 chemokine CCR5, 18, 19 Glucagon-like peptide 1, 23 olfactory OR1G1, 17 and bitter taste Tas2R38 24 GPCRs. Here we apply GEnSeMBLE to predict the ensemble of 24 low energy structures of κ-OR. Within this ensemble we find 18 conformations with strong 3−6 coupling (potential inactive conformations) and 6 without such couplings (potential active conformations). We report here the hydrogen bond networks for the interhelical contacts to identify conformational switches that may lead to activation of the GPCRs.
To validate these predicted conformations for κ-OR, we predicted the binding site and binding energy for five known agonists (ethylketocyclazocine, bremazocine, pentazocine, nalorphine, and morphine) to the top 24 structures using the DarwinDock complete sampling method. The predicted binding affinities for each ligand correlate well with the experimental data. On the basis of these structures of κ-OR, we propose a structural basis for the activation mechanism that may be useful for designing subtype specific ligands.
2.0. METHODS 2.1. GEnSeMBLE Method for Predicting Protein Structures. We predicted the ensemble of low energy GPCR structures using the GEnSeMBLE Complete Sampling method. 14, 15, 21, 22 GEnSeMBLE identifies the TM domains based on multiple sequence alignments, then selects the shape of each helix based on the force field or on homology to known structures, and then considers a complete set (∼13 trillion combinations) of rigid rotations and tilting of the helices, to select ∼24 that are sufficiently stable to play a role in binding of ligands and activation. These procedures are described in more detail in the Supporting Information Text S1. All simulations used the Dreiding force field. 25 2.1.1. TM Domains. GEnSeMBLE uses the PredicTM method to predict TM regions based on a multiple sequence alignment of GPCRs and using the octanol hydrophobicity scale. 26 These predicted regions are extended to include the entire section with α-helical character based on a consensus of secondary structure server predictions. However, because the crystal structure of κ-OR is available (PDB ID code 4DJH), 6 we instead used the helical sequence from the X-ray to define the seven TM regions, and we used the structure of each helix to define the rigid shape to be rotated. GEnSeMBLE next considers several templates for similar proteins using structures from X-ray or previous computations. However, since the X-ray structure was available, we used the crystal structure itself as the template.
2.1.2. BiHelix. The BiHelix method 21 considers 12 helix rotation angles from η = 0°to 360°for each of the 7 helices, leading to (12) 7 = 35 million combinations for which we estimate the energies using the BiHelix approximation. Thus, for each of the 12 interacting pairs of helices, we optimize side chain conformations using SCREAM (Side Chain Rotamer Excitation Analysis Method) 27 followed by 10 steps of conjugate gradient minimization to remove bad contacts. These pairwise energies are then used to evaluate the energies of all 35 million combinations, from which the 1000 lowest energy combinations are selected for the next step. 21 2.1.3. ComBiHelix. In the ComBiHelix step the top 1000 conformations from BiHelix are built into full 7-helix bundles, for each of which the side chains are optimized with SCREAM followed by 10-steps of conjugate gradient minimization to remove bad contacts. We then selected the lowest energy conformation for the next step. This conformation is the same as in the X-ray structure, validating this procedure and the energy scoring.
2.1.4. SuperBiHelix. The SuperBiHelix method 22 starts with the optimum combinations of rotations from ComBiHelix and considers a systematic variation of tilt angle (θ), sweep angle (φ), and rotation angle (η) for each of the 7 helices (13 trillion total combinations) for which each energy is estimated with the SuperBiHelix procedure based on the pairwise interaction energies of all 12 pairs of interacting helices (after applying SCREAM and 10-steps of minimization). From these 13 trillion combinations we selected the best 2000 conformations for the next step. 15, 22 2.1.5. SuperComBiHelix. In the SuperComBiHelix step, we took the top 2000 conformations from SuperBiHelix, built each into full 7-helix bundles, for each of which the side chains were optimized with SCREAM followed by 10 steps of conjugate gradient minimization to remove bad contacts. From this ComBiHelix procedure we selected the lowest 24 conformations for ligand docking. The lowest energy of these 24 is the same conformation as in the X-ray structure, validating this procedure and the energy scoring.
2.1.6. Energy Scoring. In steps 4 and 6 we evaluate the total energy in four different ways. Two use the total energy of the 7helix bundle while two use only the interaction energies between the helices. For each of these analyses we use two charge models: one uses standard charges which have a charge of −1.0 for D and E and a charge of +1.0 for R and K. The other neutralizes each amino acid by transferring the proton within a salt bridge or by adding or subtracting a proton for other cases. The 7-helix bundles are ranked by each of these 4 energies and then finally ordered by the average rank. This procedure has been validated for X-ray structures where this procedure always selects the X-ray combination of rotations from the top 10 of 35 million conformations in step 3 and the X-ray combination of tilts and rotations from top 24 of the 13 trillion in step 5, as was found for κ-OR.
2.2. DarwinDock Method for Predicting Ligand− Protein Structures. To predict the optimum ligand binding site to each of the 24 protein conformations from the GEnSeMBLE procedure, we used the DarwinDock method, which has previously been used to predict ligand−protein structures for many GPCRs. 13, [16] [17] [18] 23, 24 2.2.1. Selecting Ligand Conformations. Starting from the Xray structure of the ligand, we sampled the torsion angles of all rotatable bonds to generate multiple conformations for each ligand. These were minimized using Maestro with 10 to 20 ligand conformations selected by energy and diversity. The charges on the ligands were Mulliken charges from density functional theory (B3LYP with the 6-311G** basis set).
2.2.2. Scanning the Receptor for Potential Binding Regions. For each of the 24 protein conformations, the whole protein was alanized (replacing the 6 hydrophobic residues, I, L, V, F, Y, and W with A). Then for each of the 10−20 ligand conformations, we scanned for potential binding regions with no assumption about the binding site. The entire molecular surface was mapped with spheres representing the empty volume of the protein. These spheres were partitioned using the BoxSpheres.pl script to generate 10 Å cubic boxes for each protein conformation. This led to a minimum of 73 boxes for WT13 and a maximum of 83 for WT24. We then used DOCK4.0 28 to generate 1000 poses for each of these 73−83 regions and selected the most promising three or four putative binding regions for docking.
2.2.3. DarwinDock. For each of the 24 protein conformations and each of the 10−20 ligand conformations, we generated iteratively ∼50 000 poses spanning the putative binding regions of the bulky residue-alanized protein. These poses were generated in increments of 5000 and clustered into Voronoi families based on RMSD until <2% new families are generated. The family heads were scored using the Dreiding force field, 25 and the top10% by total energy were selected. Then we calculated the binding energy of all the members of these top 10% of families and selected the lowest 100 poses for further Also see Supporting Information Table S3 . c WT n-I refer to the conformations that are supposed to be inactive, while WT n-A are supposed to be active. optimization. At this point the protein side chains were dealanized using SCREAM to find the optimum side chains for each of the 100 poses. Then we neutralized the protein and the ligand by transferring protons appropriately within salt bridges and protonating or deprotonating exterior ligands, followed by further full geometry minimization. The final docked structure with the best binding energy was selected. Applying this procedure to the antagonist JDTic ligand in the X-ray structure led back to a structure deviating only 0.23 Å RMSD from the Xray.
RESULTS AND DISCUSSION
3.1. Predictions of the Stable Structural Ensemble for κ-OR. The starting template for GEnSeMBLE predictions was the crystal structure of human κ-OR (PDB ID code 4DJH). 6 To find the optimum packings of the 7-helix bundle, we applied the BiHelix and ComBiHelix on the TM region. 21 This process sampled the η-angles from 0°to 360°in 30°increments to generate (12) 7 = 35 million combinations. The top 10 helix orientations are shown in Table S1 , Supporting Information. We find that the all zero structure (X-ray structure) has the lowest energy, validating that the energy scoring and BiHelix procedure is reliable.
We then selected three of these structures (top1, top7, and top9) based on their structure and energy diversity and applied the SuperBiHelix and SuperComBiHelix methods. 14, 15 Here we sampled ηand φ-angles from −30°to 30°in 15°increments and −10°, 0°, and 10°for the tilt angle, θ, leading to a total of (5 × 5 × 3) 7 = 13 trillion combinations, for each of which the energy was evaluated using the SuperBiHelix method. Finally we selected the best 24 structures in Table 1 . Four different energies (charged total energy, charged interhelical energy, neutral total energy, and neutral interhelical energy) and their individual ranks associated with each of the TM bundle conformations sampled are shown in Supporting Information Table S2 . The density of energy states throughout sampling are shown in Supporting Information Figure S1 .
We found that the crystal structure (all zero structure, in italics) ranks first as the lowest energy conformation, which validates the energy scoring and SuperBiHelix procedures. There is no simple way to compare these structures, but the table compares the RMSD of the backbone to the human κ-OR crystal structure. Supporting Information Figure S2 shows the conformational diversity in predicted 24 low energy structures. The 23 other structures differ from the X-ray by 0.00 Å backbone RMSD (WT15 and WT20) to 1.28 Å (WT24). Thus, the members of the predicted ensemble of conformations are similar to the crystallographically characterized κ-OR. It is not known what is a reasonable RMSD difference between the conformations among active and inactive states, but we argue below that 6 of the 24 are probably active conformations. 29 Inspection of the three rotational angles shows that the sweep angles φ presents the most variation, especially in TM4 and TM5. In nearly all structures (except WT8 and WT22), TM4 and TM5 differ by 15°or 30°compared with the X-ray structure. These two helices are more flexible than others and may play a role in κ-OR activation. None of these structures shows any variation in TM2 and TM3. These two helices are nonflexible and locked in to preserve the conserved hydrogen bonding networks.
3.2. Analysis of Interhelix Interactions. For Class A GPCRs, several conserved interhelical interactions, such as the TMs 1−2−7 and TMs 2−3−4 hydrogen bond networks, are present in most crystal structures. These interactions are also found in all 24 for our predicted structures for κ-OR. To understand the differences between the different conformations in our ensemble, we analyzed the interhelical hydrogen bond interactions for each conformation ( Table 2) .
3.2.1. TM3−TM5−TM6 Interaction Network. A transmission switch in the TM3−TM5−TM6 helix interfaces has been observed in the agonist-induced activation process in GPCRs. 30−33 In particular the ionic lock formed between Arg 3.50 and Asp/Glu 6.30 is thought to stabilize the inactive conformation of rhodopsin and other rhodopsin-like Class A GPCRs, 34, 35 so that conformations lacking this coupling might enhance constitutive activity. 36 Indeed in most X-ray structures for Class A GPCRs, there is a strong salt bridge between R3.50 (part of the DRY motif) and E/D6. 30 , both of which are conserved for many Class A GPCRs. This TM3−TM6 coupling has been observed in crystal structures of inactive GPCRs: bovine rhodopsin, 37 squid rhodopsin, 38, 39 human dopamine D3 receptor, 34 thermally stabilized inactive turkey β1 adrenergic receptor, 36 and inactive human A 2A adenosine receptor mutants. 40 This ionic lock is thought to be critical in keeping the GPCR inactive, whereas its absence appears to be associated with GPCR activation. Indeed in GEnSeMBLE predictions on the CB1 receptor and confirmed by experiments, we showed that deliberately introducing mutations that break the 3−6 ionic lock leads to full constitutive activity while other mutations that introduce a 2−6 ionic lock in addition to the 3−6 lock lead to completely inactive configurations. 13 However, human κ-OR has L269 at position 6.30 instead of Asp or Glu. Even so in the crystal structure (pictured in Figure  1c ) the side chain of Thr273 6.34 forms a hydrogen bond lock with Arg156 3.50 and the backbone CO atom of L269 6.30 forms a hydrogen bond with Arg156 3.50 . These interactions appear to stabilize the TM3 and TM6 coupling, which may keep κ-OR inactive so that breaking this interaction may lead to κ-OR activation. 6 Of course for designing agonists more relevant is the structure for the active conformation. But little is known from experiment about the ensemble of conformations for κ-OR or the mechanism for conformational transitions. It has been possible to obtain X-ray structures for what must be active structures for other GPCRs by binding the G-Protein or the G α fragment to the GPCR. However, this does not provide a detailed mapping of the conformational transition pathway. 41 Since GPCR activation occurs on the millisecond time scale, it is difficult for experiments to capture the pathway. In several active state crystal structures bovine opsin, 42, 43 bovine metrhodopsin II, 44 constitutively active mutant of bovine rhodopsin, 32 human β 2 adrenergic receptor (actHβ 2 AR), 30, 31, 45 and human A 2A adenosine receptor (actHA 2A AR) 46, 47 a transmission switch in the TM3−TM5− TM6 helix interface was observed that results in breakdown of TM3−TM6 coupling and formation of a TM5−TM6 coupling. However, there is no information about the active structures for κ-OR.
We find that 18 of our 24 predicted structures exhibit this strong 3−6 coupling indicative of an inactive structure; however, WT4, WT6, WT7, WT15, WT17, and WT18 structures did not show TM3−TM6 coupling. Thus, we consider these 6 conformations as candidates for active structures. Evidence in favor of this interpretation is that structure WT15 provides the strongest binding to agonists morphine and nalorphine (see Table 3 ). Because the TM3−TM6 ionic lock is present in the other 18 predicted structures, we consider that these complexes are not activated. Of course, binding agonists to these structures may eventually break the 3−6 interaction as part of activation. Decoupling TM6 from TM3 would allow TM6 to move away from TM3 to interact with TM5 or TM7, which it does in the active conformation of the G protein-bound β 2 -adrenergic receptor structure. 31 3.2.2. TM1−TM2−TM7 Interaction Network. A common feature of Class A GPCRs is the presence of a conserved hydrogen bonding network TM1.50 (N)−TM2.50 (D)− TM7.49 (N). The X-ray structure for κ-OR is slightly different, leading to We expected that the charged D2.50, highly conserved among most Class A GPCRs, would be associated with a positively charge entity, either H 3 O + (or Na + ), 48 to achieve charge neutrality since it is buried, far away from the solvent. Indeed in many X-ray structures such a feature is observed. 31, 46, 49 This H 3 O + would help stabilize the 1−2−7 coupling. A flaw with our current GEnSeMBLE method is that we do not include this charged H 3 O + at any point in the 7-helix bundle calculations. As a result our predictions may lead to too many low lying structures that miss part of the 1−2−7 coupling. On the other hand, the Xray structure for κ-OR does not show either a water or a Na + associated with D2.50. In addition, D2.50 did not interact with any carbonyl oxygen of nearby residues in the crystal structure. Thus, the good correspondence with the X-ray structure for the 1−2−7 region indicates that this is reasonable for κ-OR. For other GPCRs we often find that a water migrates to the D2.50 upon doing the molecular dynamic simulation on the full protein−membrane−water system. 50, 51 In any case it seems that κ-OR has strong 1−2−7 coupling even though it differs somewhat from that in other Class A GPCRs. We assume that this tight coupling of TMs 1, 2, and 7 is important to keep the TM1−TM2−TM7 region rigid for better control of activation.
3.2.3. TM2−TM3−TM4 Interaction Network. Class A GPCRs often have conserved couplings involving 2−3−4. Indeed the Xray structure of κ-OR has three strong couplings, two involving Y97 2.42 −D155 3.49 −K174 4.41 .
• K174 4.41 −Y97 2.42 with an HB distance of 2.73 Å. This is not the normal interaction of Class A. We find this in 21 out of 24 for our predicted structures (except for WT3, 20, 22). • K174 4.41 −D155 3.49 with a salt bridge distance of 3.09 Å.
D3.49 is the highly conserved residue of the D (E) RY motif in Class A GPCRs. This salt bridge has also been identified in the cannabinoid receptor one (CB1) 52 and is similar to the salt bridge between D3.49 and R4.37 in the crystal structure of the human CXCR4 chemokine receptor (hCXCR4). 13 We find this in 18 out of 24 of our predicted structures (except for WT4, 6, 7, 15, 17, 18). • Y140 3.34 −W183 4.50 with an HB distance of 3.18 Å. W4.50
is the highly conserved Trp in TM4, but this interaction is not the normal interaction of Class A. We find this in all 24 of our predicted structures. This interaction network greatly stabilizes the TMs 2−3−4 region, particularly the ionic lock D155 3.49 −K174 4.41 , which is similar to the salt bridge between D3.49 and R4.37 in the hCXCR4 crystal 53 that was suggested to keep the GPCR inactive. 13 In addition, we find many other hydrogen bond interactions that enhance the stability of the TMs 2−3−4 region. For example, the conserved residue W183 4.50 forms a strong hydrogen bond with the nonconserved residue Y140 3.34 in all 24 of our predicted structures. This interaction may be analogous to the conserved hydrogen bond interaction T148 3 38 , all of which were found in the X-ray structure and in most of our predicted conformations (listed in Supporting Information Table S3 ). Most of them were formed between TM3 and TM4.
The semiconserved TM2.45(S/N/T)−TM3.42(S/N/T)− TM4.50(W) hydrogen bond network observed in most Class A GPCRs was present in the crystal structure (WT1) and in 21 conformations (shown in Supporting Information Table S3 ). However, they locate closely to each other in all other structures, with the N100 2.45 + W183 4.50 distance ranging from 2.59 Å to 4.20 Å and the T148 3.42 + N100 2.45 distance ranging from 2.71 Å to 3.41 Å.
3.3. Comparison with GPCRs Whose Active and Inactive X-ray Structures Are Both Available. To further validate our models, we compared the predicted structures with three inactive−active pairs (rhodopsin 39,54−56 −opsin, 42, 43 in-actA 2A AR 40, 57 −actA 2A AR, 46, 47 and inactβ 2 AR 12,58−60 −actβ 2 AR 30,31,45 ), whose active and inactive X-ray structures are both available. The structural transitions show common features for GPCR activation.
• In the rhodopsin−opsin activation model, the characteristic molecular switch is an ionic lock between R3.50 in TM3 and E6.30 in TM6. This ionic lock breaks during opsin activation; • In the actA 2A AR, R3.50 and E6.30 are pulled farther apart to breakdown the ionic lock presented in fully inactHA 2A AR; • Experimental studies also showed that protonation of E6.30 of the inactβ 2 AR causes activation and that breaking of this ionic lock is necessary for full activation. The C α -C α distance (between the C α atoms of R3.50 and E6.30) and the N−O distance (the minimum distance between a guanidinium nitrogen atom of R3.50 and a carboxylate oxygen atom of E6.30) are listed in Supporting Information Table S4 for these GPCR crystal structures. The ionic locks were broken in all these active X-ray structures. Both the C α −C α distance and N−O distance are much larger than that in the inactive structures.
Because the human κ-OR lacks either of the acidic residues Asp/Glu at position 6.30, R3.50 forms a hydrogen bond to T6.34 in the inactive κ-OR structure. In all of our predicted top 24 structures for κ-OR, the C α −C α distance (∼6.1−7.1 Å) nearly does not change compared with the X-ray structure (7.1 Å). This is because large variations in TM3 and TM6 rotation are not observed in these low energy structures. However, we observe changes in the side chain rotamer of R3.50 in TM3 in 6 out of 24 structures (WT4, WT6, WT7, WT15, WT17, and WT18). The N−O distance becomes longer (∼3.9−4.9 Å) and the ionic lock breaks down. R3.50 is highly conserved in Class A GPCRs, and its rotameric state may have a role in GPCR activation. As has been discussed in section 3.2.1, these structures did not show any TM3−TM6 coupling and were supposed to be active. Because the TM3−TM6 ionic lock is present in the other 18 predicted structures, we consider that these complexes are not activated. The TM3−TM6 salt bridge is the most predominant feature to judge the activeness of GPCRs. In addition, we also compare the transmission switch in the seven TM helix interfaces.
• Opsin shows prominent structural changes in TM5− TM7, and TM6 is tilted outward by 6−7 Å compared to rhodopsin; • actA 2A AR displays an outward tilt and rotation of TM6, a movement of TM5, and an axial shift of TM3; • In actβ 2 AR, a 11 Å outward movement of TM6 and rearrangements of TM5 and TM7 were observed. It seems that the movements of TM5 and TM6 are common features in the activation of these three GPCRs. Our proposed six active κ-OR structures did not show variation of TM6. However, a large variation of TM5 and TM4 was observed instead. They sweep away from the center of the TM helix bundle by 15°or 30°, making more space available in the binding pocket. And also TM4 seems specific for κ-OR activation. The movement of TM4 leads to the breakdown of the K174 4.41 −D155 3.49 salt bridge. As has been discussed in section 3.2.3, this salt bridge was suggested to keep the GPCR inactive. In company with the absence of TM3−TM6 ionic lock, the salt bridge K174 4.41 −D155 3.49 also disappears in all six active κ-OR structures ( Table 2 ). This further enhances the activeness of our predicted structures.
Ensemble Docking of Five Known κ-OR Selective Agonists to the Top 24 Predicted Conformations of κ-OR.
A number of κ-OR agonists have been used in clinical studies for the treatment of human disease. 61−63 Here we selected five, including three benzomorphans (ethylketocyclazocine, 64 bremazocine, 65 and pentazocine 66 ) and two morphinans (nalorphine 67,68 and morphine 69 ). Among these, pentazocine 66 and morphine 70 are approved drugs. Figure 2 shows the chemical structures and binding affinities (pK i ) of these agonists. Their structures are fairly rigid and have common pharmacophore components: the hydroxyl group, the benzene ring, and an amino group. In addition, all 5 binding constants are from the same set of experiments, 71 making comparison less problematic.
DarwinDock was used to dock all 5 compounds into the 24 predicted structures of κ-OR. This docking protocol was validated by redocking the crystal ligand JDTic to the crystal structure of the human κ-OR (PDB ID code 4DJH). JDTic was removed from the active site and docked back into the binding pocket. The nitrogen atoms in both the piperidine and isoquinoline moieties of JDTic were protonated. The RMSD between the predicted conformation and the observed X-ray crystallographic conformation of JDTic was 0.28 Å (Supporting Information Figure S3 ), validating that DarwinDock can predict accurate ligand−GPCR structures.
Each agonist was docked individually to all 24 predicted protein structures. The predicted ligand−protein structures for the three benzomorphans and two morphinans are shown in Figures 3 and 4 , respectively. Figure 5 shows the superposition of these five binding sites. Our predicted snap binding energies are quite consistent with experimental constants (Table 3 and Figure  6 ). Figure 6 plots the calculated binding energies vs experimental pK i . Note that ethylketocyclazocine, bremazocine, and pentazocine prefer protein structures expected to be inactive, while nalorphine and morphine prefer the same configuration WT15, expected to be active.
3.4.1. Predicted Binding Site of Ethylketocyclazocine (pK i = 10.0). Ethylketocyclazocine [EKC] is a full agonist for κ-OR with a very high binding affinity (pK i = 10.0). 71 We docked the active enantiomer 72 (−)-EKC to all the top 24 predicted protein structures. Most of the binding poses show salt bridges at D138 3.32 with the protonated nitrogen atom. The cavity analysis of the best binding site (Table 4) shows that the major contributing amino acids in ligand binding are D138 3.32 (−4.49 kcal/mol), H291 6.52 (−3.46 kcal/mol), W287 6.48 (−2.90 kcal/ mol), Y139 3.33 (−2.39 kcal/mol), M142 3.36 (−2.07 kcal/mol), I290 6.51 (−1.60 kcal/mol), and V108 2.53 (−1.55 kcal/mol).
As is seen in Figure 3a , important elements of the binding sites are
• The protonated nitrogen atom forms a strong hydrogen bond with D138 3.32 in TM3. (Note that Figure 3a shows the neutralized structure used for energy calculations in which the proton is transferred to the D138 3.32 ). This is consistent with experiment since D138 3.32 is conserved in all opioid receptors and mutagenesis studies suggest that it plays an essential role in anchoring positively charged κ-OR ligands. 6, 75, 76 • We find another hydrogen bond between the hydroxyl group of (−)-EKC and the imidazole ring of H291 6.52 . This is consistent with experiment since the importance of this histidine in (−)-EKC binding has been underscored by site-directed mutagenesis experiments. 75,76 His291 6.52 has also been suggested to play a critical role in the receptor activation process. 6 The hydrogen bond linking the His291 6.52 imidazole ring to the phenolic hydroxyl group is typical for benzomorphans. This interaction was also found in previous docking studies. 77 • In addition, we predict that the aromatic ring of (−)-EKC forms a strong hydrophobic contact with the conserved residue Trp287 6.48 , which is thought to be a key part of the activation mechanism in many Class A GPCRs, including rhodopsin 32 and A 2A AR. 46 Similar hydrophobic contacts have been implicated in blocking activation-related conformational changes in the dark state of visual rhodopsin by 11-cis retinal and by inverse agonists in the A 2A AR and D3R. 6 Since the crystal structure of the human κ-OR bound to the selective antagonist JDTic is available (PDB ID code 4DJH), we also compare the predicted EKC binding pose to the X-ray structure (Supporting Information Figure S4 ). The EKC binding pocket displays a combination of key characteristics both shared with and distinct from JDTic. Both of them are anchored by salt bridge interactions with D138 3.32 and form strong hydrophobic contact with the conserved residue Trp287 6.48 . In contrast, the hydroxyl group of EKC dictates a little lower position of JDTic that is close to TM6. It forms a direct hydrogen bond with His291 6.52 , which is thought to play a critical role in the receptor activation process. 6 In the crystal structure, several structured water molecules mediate polar interactions between the hydroxyl group and the receptor, but we do not consider waters in our DarwinDock predictions. The direct hydrogen bond interaction between EKC and His291 6.52 is consistent with EKC functioning as a κ-OR agonist.
Overall, the binding pose of (−)-EKC is in good agreement with the current generally accepted models. 78 3.4.2. Rationalization of the Structure−Activity Relationships Based on Ethylketocyclazocine. The binding experiments found that small structural changes in the ligand lead to large changes in binding affinity. To validate the predicted binding site of (−)-EKC, we also docked the partial agonists bremazocine, pentazocine, nalorphine, and morphine. Due to their common structural skeleton, it is reasonable to assume that the binding sites of these additional four agonists to κ-OR would be similar to (−)-EKC. Indeed, Figure 5 shows the binding sites of these five agonists overlap, as expected. All show hydrogen bonds with figure. For clarity, only polar hydrogen atoms were shown. Here the color code is that dark blue is charged, light blue is polar amino acid, green is nonpolar hydrophobic amino acid, and white is glycine. Asp138 3.32 and His291 6.52 . In addition all have an aromatic core that further enhances affinity with the hydrophilic/lipophilic groups of the ligand interacting with the hydrophobic cavity in the TMs 3−5−6 region (involving residues W287 6.48 , I290 6.51 , H291 6.52 , V230 5.42 , and M142 3.36 ). The constrained aliphatic 6membered ring is surrounded by another hydrophobic cavity in TMs 2−3−7, with the protonated nitrogen interacting with the negative carboxylate of Asp138 3.32 .
3.4.2a. Comparison of (−)-EKC to Bremazocine. As is shown in Figure 3b , bremazocine presents a binding pose similar to EKC. The protonated nitrogen atom interacts with the highly conserved residue Asp138 3.32 . The hydroxyl group on the benzene ring forms strong hydrogen bond with His291 6.52 . Compared with (−)-EKC, the introduction of another hydroxyl group substituted on the cyclopropane improves the binding affinity. This hydroxyl group forms a hydrogen bond with Try320 7.43 on TM7. The nonbond energy contributed by Try320 7.43 is −2.93 kcal/mol in bremazocine binding cavity, while it is −1.48 kcal/mol in EKC. A major structural difference between bremazocine and EKC is the ketonic oxygen site on EKC. From the cavity analysis for EKC this group seems too weak to provide a strong interaction with the receptor. The presence of this keto group was used to reduce stereoselectively and is beneficial for the bioisosteric replacement strategy. 72, 74 The full unified cavity analysis of the hOPRK/bremazocine binding site is shown in Supporting Information Table S5. 3.4.2b. Comparison of (−)-EKC to (−)-Pentazocine. As is shown in Figure 3c , pentazocine also has the same binding pose as EKC. Compared with EKC, pentazocine has an unfavorable interaction at I290 6.51 (+6.26 kcal/mol) because of the bad contact with the isoamylene substitute group. This results in a dramatic decrease in binding affinity for pentazocine. This suggests that the steric effect of the N-substituent group should be considered when designing novel agonists for κ-OR. The full unified cavity analysis of the hOPRK/pentazocine binding site was shown in Supporting Information Table S6. 3.4.2c. Comparison of (−)-EKC to (−)-Nalorphine. Nalorphine also shows the same binding pose as EKC. As is seen in Figure 2 , EKC lacks the cyclohexene ring of nalorphine and morphine. This structural modification for EKC was used to maximize the κ-OR selectivity and to minimize morphine-like side effects. 65 Table S7 ). This may be why EKC has a higher binding affinity than nalorphine.
3.4.2d. Comparison of (−)-Nalorphine to Morphine. The only structural difference between nalorphine and morphine is the group on the N. It is an isopropyl in nalorphine and methyl in morphine. The allyl group contributes additional hydrophobic interaction to improve the binding affinity. So the N-substituted motif leads to increased affinity. Overall, the cavity analysis is quite similar. Figure 6 . Comparison of the measured binding constants (pK i ) with experimental errors to the calculated binding energies (SnapBE)) for agonists listed in Table 3 . For each ligand, we docked ∼50 000 poses to the receptor's full conformational ensemble, from which we eventually select the best pose solely on the basis of energy. Bremazocine, EKC, nalorphine, pentazocine, and morphine bound to WT1-I, WT9-I, WT15-A, WT20-I, and WT15-A respectively. The SnapBE gives a good correlation with experiment (R 2 = 0.9148). SnapBE was used as scoring energy for the whole DarwinDock process because we consider it as most consistent for broad comparisons. However, we also show the UnifiedCav scoring energy. The correlation is good for all but morphine, which is predicted to bind too strongly by 2 kcal/mol. A major structural difference between morphine and the other four agonists is the substituent group on N. As is seen in Figure 2 , this group is cyclopropylmethyl for EKC, (hydroxy-cyclopropyl)methyl for bremazocine, isoamylene for pentazocine, and allyl for nalorphine. But for morphine, it is just methyl. Due to its smaller size, morphine has more options and is more flexible when selecting a binding region. The experimental error is also large for morphine. Error bars for docking scores are shown as ±SEM with n = 10 for each data point. 
SUMMARY AND CONCLUSIONS
We predicted the ensemble of 24 low energy conformations for κ-OR using the GEnSeMBLE method which is extracted from a very complete set (∼13 trillion configurations) of helix rotations and tilts. 21, 22 The predicted lowest energy structure is the X-ray structure, validating the energy scoring and SuperBiHelix procedure. The analysis of the interhelical hydrogen bond networks finds salt bridges R3.50 + D6.34 and D3.49 + K4.41 are present in conformations that we expect to be inactive, since we assume that the TM3−TM6 couplings must break during activation in order for TM6 to bind to the G-Protein. Of the 24 conformations best for κ-OR, we find that six including WT15 may be active since they do not have the 3−6 coupling. To further validate these structures, we used the DarwinDock method to predict the binding sites for five known agonists bound to κ-OR. We find that bremazocine binds preferentially to protein configuration WT1 corresponding to the X-ray structure, while EKC and pentazocine also prefer inactive conformations (WT9 and WT20, respectively). However, both nalorphine and morphine prefer the active configuration WT15. This information should be useful in designing ligands with selectivity for a particular signaling pathway, "functional selectivity". We find that superposition of these selective agonists indicates a common pharmacophore with similar arrangements at the same binding site:
• The protonated nitrogen forms a salt bridge with conserved D138 3.21 ; • The hydroxyl group shows direct hydrogen binding with H291 6.52 ; • The aromatic ring substituted with the hydroxyl groups interacts with lipophilic pockets in TMs 3−5−6, which involves residues W287 6.48 , I290 6.51 , H291 6.52 , V230 5.42 , and M142 3.36 ; • And the aliphatic ring is located in TMs 2−3−7 and is surrounded by residues V108 2.53 , Y139 3.33 , I316 7.39 , Y320 7.43 , G319 7.42 , and Y312 7.35 . These 3D ligand−protein structures and apoprotein structures for κ-OR should be useful for guiding drug design, providing a structural basis for exploring how ligand binding is related to receptor activation of κ-OR (and other Class A GPCRs). Since EKC and bremazocine are the two most strongly bound agonists of the five we considered, one may use the predicted ligand− protein structure to suggest changes in the ligand that might improve binding. Thus, we suggest introducing hydrophobic centers, such as the cyclopropane and allyl group, on the tertiary N atom and also hydrogen bond acceptor/donors, such as the hydroxyl group, on this N-substitute group.
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